Natural antifungal agents are generally broad-spectrum compounds with low mammalian and environmental toxicity. Cladosporin is a naturally occurring fungal metabolite mainly isolated from the endophytic fungus Cladosporium cladosporioides. This review article summarizes the chemistry and biological properties of cladosporin covering references published from 1971-2016, including the source, phytochemical characterization, biosynthesis, total synthesis, structure and activity (SAR), and biological activity of cladosporin. Cladosporin exhibited potent antibacterial, antifungal, insecticidal, and anti-inflammatory activities, as well as plant growth regulatory effects. More importantly, cladosporin was identified as having potent, nanomolar, antiparasitic activity against both Plasmodium falciparum blood and liver stages via specific inhibition of protein synthesis. This provides a new approach for the design of isocoumarinbased compounds for the treatment of malaria. Herbicidal activity and antifungal activity against Cryptococcus neoformans (IC 50 value of 17.7 μg/mL) of cladosporin are also described here in the review for the first time. Cladosporin selectively inhibited the growth of a monocot (agostis) and showed no activity against a dicot (lettuce), which indicates its great potential as a selective herbicide for monocots in agriculture use. The above data suggest that cladosporin has great potential utility as a lead compound in the development of agrochemicals against certain plant pathogens and pharmaceuticals against drug-resistant bacteria and parasites.
Natural products have been successfully used in agriculture as fungicides, herbicides, insecticides, algicides, plant growth regulators, signal transductions and tranquilizers [1] . Bioactive secondary metabolites isolated from natural sources are relatively safer for human health and the environment and can serve either as drugs or as drug leads for the development of synthetic or semisynthetic analogues. Fungi provide an abundant source of natural products that may have potential agricultural and environmental use.
Cladosporin (also known as asperentin), 3,4-dihydro-6,8-dihydroxy-3-(6-methyl tetrahydropyran-2-ylmethyl) isocoumarin, is an important secondary metabolite isolated from Cladosporium cladosporioides in 1971 [2] . It is the major compound of C. cladosporioides, but a minor metabolite of other fungal sources including Aspergillus flavus [3] , A. repens [4] [5] , Oidiodendron truncata [6] , Chaetomium globosum [7] , several Eurotium species [5] and Penicillium sp [8] . It has been previously reported to have antibacterial, antifungal, insecticidal, and anti-inflammatory activity in mouse lung tissue [9] , as well as plant growth regulatory effects. Recently, cladosporin has been shown to be a nanomolar inhibitor of Plasmodium falciparum blood-and liver-stage proliferation [10] . C. cladosporioides provides a good source of natural cladosporin with a yield of 24%. Cladosporium, one of the largest genera of dematiaceous hyphomycetes, is widely distributed throughout the world, especially in the tropics and subtropics [11] . C. cladosporioides is a very common saprophytic fungus which can contaminate many types of seeds. It is the pathogen of many different host plants and can be isolated from many sources including air, soil, textiles and several other substrates. In a direct-bioautography assay, C. cladosporioides is usually one of the adopted indicator organisms used for the detection of antifungal fractions and compounds in the bioassay-guided isolation [12] [13] [14] [15] [16] . C. cladosporioides has also been involved in several human diseases causing pulmonary constrictions (asthma and pulmonary emphysema) and cutaneous infections (phaeohypoomycosis) ( Figure 1 ) [17, 18] . Bioactive secondary metabolites that have been isolated from C. cladosporioides include cladosporin, isocladosporin, cladospolides A and B, cladosporol and the calphostins [19] [20] [21] [22] . Cladospolides A and B are two geometrical isomers that were isolated by Hirota and co-workers in 1981 and 1985 respectively. It is interesting to know that both isomers showed different biological activities-cladospolide A acted as a root growth inhibitor of lettuce seedlings, while cladospolide B acted as a root growth promoter of lettuce seedlings [23] [24] . In 1995, one more bioactive metabolite was isolated from C. cladosporioides, elucidated as cladosporol, which was a β-l, 3-glucan-biosynthesis inhibitor due to its epoxy-alcohol structure [21] . A complex of calphostins (A, B, C, D, I) was isolated from C. cladosporioides by Japanese scientists in 1989. These calphostins showed potent and specific inhibitory activity against protein kinase C (PKC), with calphostin C specifically inhibiting PKC at 0.05 μM [22] .
Isolation of cladosporin from C. cladosporioides:
The procedures to isolate cladosporin from C. cladosporioides have been described in our previous study [25] . Cladosporin was the major white solid. The structure was determined by 1D and 2D NMR spectroscopy coupled with high-resolution mass spectrometry. The absolute configuration was determined by X-ray crystallography, which was consistent with previous reports [4, 25] .
Stereochemistry of cladosporin:
Cladosporin, crystallized from methanol as pale yellow crystals, is soluble in ethanol, and ethyl acetate, moderately soluble in chloroform, slightly soluble in benzene, and insoluble in n-hexane and water [2, 25] . Its stereochemistry was completely assigned through X-ray diffraction by Springer et al., and Wang et al. (Figure 2 ) [4, 25] . As Figure 2 shows, the absolute configuration of three chiral carbons, C8, C4 and C5, need to be established. The stereochemistry of C8 was determined as R by circular dichroism (CD) analysis, which showed an opposite curve to that given by a known compound. Subsequently, the X-ray structure assigned the stereochemistry of the tetrahydropyran ring at C4 (S) and C5 (R) [3] [4] . 
Biosynthesis of cladosporin:
Biosynthesis of cladosporin involves assembly of two basic carbon units from acetate and malonate through the acetate-malonate (AA-MA) pathway, which is important in the biosynthesis of polyketides and fatty acids. The formation of polyketides closely resembles the biosynthesis of long chain fatty acids [26] [27] [28] . This pathway involves a series of Claisen reactions in which two molecules of acetyl-CoA react in a Claisen condensation to give acetoacetyl-CoA, and then repeated to generate a poly-β-keto ester of the required chain length ( Figure 3 ). In 1973, Grove and the co-workers reported the biosynthesis of cladosporin (II, Figure 4 ) in an entomogenous strain of Aspergillus flavus by incorporation of [1-13 C] acetate and [2-14 C] malonate [29] . This labeling experiment confirmed the biosynthetic pattern of cladosporin from a precursor (I), consisting of one acetate-derived initiating unit and seven malonate-derived two-carbon building units ( Figure 4 ).
Vederas et al. sequenced the whole genome of C. cladosporioides UAMH 5063 and identified that a highly reducing polyketide synthase (HR PKS) and a non-reducing polyketide synthase (NR PKS) are responsible for cladosporin production in C. cladosporioides [30] . The gene for HR PKS and NR PKS, Cla2 and Cla3, respectively, were cloned and expressed in Saccharomyces cerevisiae BJ5464-NpgA. The proteins were expressed from single transformants, and with minimal optimization; cladosporin was isolated from double transformants. This confirmed the identification of the cladosporin gene cluster in C. cladosporioides. S. cerevisiae is a well-studied organism for the heterologous production of natural products, so it can provide a rich source for the large-scale production of cladosporin and other natural products, such as artemisinic acid [31] and lovastatin [32] . A putative lysyl-tRNA synthetase gene, Cla4, was found close to the biosynthetic machinery of natural products. It is possible that Cla4 may induce cladosporin resistance. This indicates a probable resistance mechanism in C. cladosporioides [30] .
Total synthesis of cladosporin:
Recently, the asymmetric total synthesis of cladosporin was reported by Chinese scientists at Lanzou University [33] . They started the synthesis in 8 steps from tetrahydropyran (THP), which has been found in numerous biologically active natural products. Cladosporin (1) bears a 2,6disubstituted tetrahydropyran (THP) ring and a δ-valero lactone with a fused 1,3-dihydroxybenzene ring. The synthesis started with 4, which was generated from the open-ring of oxide 3. Treatment of allytrimethylsilane in the presence of a catalytic amount of TMSOTf led to 5, which had 2,6-trans-THP selectivity. Enantioenriched epoxide 6 was obtained by m-CPBA epoxidation of alkene 5. After treatment with Grignard reagent and CuI at -30°C, epoxide, 6 was reduced to the trans-4 alcohol. The lactone 8 was furnished from trans-4 through two reactions including oxa-Pictet-Spengler cyclization and Jones oxidation. After removal of both aromatic methyl ether groups under Maier's conditions, lactone 8 was converted to 1 ( Figure 5 ).
In 2013, Sridhar et al. also reported the total synthesis of cladosporin in a highly diasteroselective and concise manner. Cross-metathesis, iodocyclization to construct the trans-2,6disubstituted dihydropyran ring system, and an Alder-Rickert reaction to form the aromatic ring were used as the key steps [34] .The complete synthetic methods for production of cladosporin made it amenable to the generation of a group of scaffolds that can potentially be used to improve drug-like properties.
Structure and activity relationship (SAR) study: Isocladosporin (9, Figure 6 ) is a diastereoisomer of cladosporin at C-6′, and was isolated from C. cladosporioides in 1993 [35] . Isocladosporin was found to be slightly more potent than cladosporin in the etiolated wheat coleoptile bioassay, producing 100% growth inhibition, compared with 81% for cladosporin at 10 -3 M [35] , which indicated that the configuration at C-6′ affects its inhibition activity.
In a microdilution broth assay, we tested cladosporin and its analogues (1, 9-12, Figure 6 ) in a structure and antifungal activity study against plant pathogens at 30 μM. The comparison suggested several essential positions that might be responsible for the antifungal activity. The R-configuration of C-6′ greatly decreased antifungal activity against Colletotrichum species, but slightly increased it against Phomopsis species. The hydroxyl group at C-5′ resulted in complete loss of the antifungal activity against Colletotrichum species and decreased the selectivity against Phomopsis viticola; this indicated the importance of maintaining an unsubstituted C-5′ for antifungal activity. The methoxy group at C-8 caused broad loss of the antifungal activity against all of the tested fungi, which indicated that this position might be very important. The hydroxyl group at C-6 and the hydrogen at C-5′ with acetyl groups greatly increased the selectivity toward the two Phomopsis species [25] . In an antimicrobial assay, cladosporin (1) and 5′-hydroxyasperentin (10) were tested against human pathogens. Compound 1 exhibited antifungal activity against Cryptococcus neoformans with an IC 50 value of 17.7 μg/mL, but 10 did not showed neither antibacterial nor antifungal activity against any of the test species. This also strengthens the importance of the openness at the 5′-position (not previously published data).
Biological activities of cladosporin:
Cladosporin was reported to inhibit the spore generation of Penicillum and Aspergillus species at ≤ 40 μg/mL, and uracil and leucine uptake into Bacillus brevis cells [20] . Also, it completely inhibited the growth of several dermatophytes in vitro at 75 μg/mL [2] . Xie et al., found that cladosporin exhibited an inhibitory effect on Escherichia coli, Rhizoctonia solani, Trichoderma viride and Colletotrichum cameliae at a concentration of 100-200 μg/mL [36] . Cladosporin was shown to be a plant growth inhibitor by Springer and Cutler in 1981; they reported the inhibition of growth of etiolated wheat coleoptiles at 10 -3 , 10 -4 , and 10 -5 M [4] . Later, in 1994, cladosporin was tested for antitumor induction in an Agrobacterium tumefaciens potato disc assay; the compound showed -79% antitumor induction [37] .
In a microdilution broth assay, cladosporin caused 92.7% growth inhibition of Colletotrichum acutatum, 90.1% inhibition of C. fragariae, and 95.4% inhibition of C. gloeosporioides at 30 μM. Cladosporin is a promising compound compared with the standard fungicide azoxystrobin, which caused only 40.5% growth inhibition of C. acutatum and 58.9% inhibition of C. fragariae. C. acutatum is genetically insensitive to the benzimidazole class of fungicides, and the activity of cladosporin in this species indicates that its mode of action is different from that of the benzimidazoles. In addition, cladosporin shows significant antifungal selectivity against Phomopsis viticola and P. obscurans at 30 μM [25] .
We also tested the antimicrobial activity of cladosporin and report the antifungal activity of cladosporin here for the first time. The bacteria and fungi used in the antimicrobial assay were mentioned in our previous study [38] . Cladosporin exhibited antifungal activity against Cryptococcus neoformans with an IC 50 value of 17.7 μg/mL, but no activity against the bacteria (if compounds are not active at the highest test concentration of 20 μg/mL, we considered them to be inactive). Due to these statistics, cladosporin has been considered as a promising novel fungicide.
Recently, a group of cladosporin derivatives (1, 10, 13-16, Figure 6 ) from the marine-derived fungal isolates Aspergillus sp. SF-5974 and Aspergillus sp. SF-5976 were reported for their antineuroinflammatory effects in lipopolysaccharide-induced BV2 microglia [38] . The dihydroisocoumarin derivatives (10−80 μM) were shown to inhibit lipopolysaccharide-induced nitric oxide (NO) and prostaglandin E2 (PGE2) production by suppressing the expression of inducible NO synthase (iNOS) and cyclooxygenase-2 (COX-2), respectively, in LPS-stimulated BV2 microglia [39] .
Cladosporin is a potent and selective inhibitor of Plasmodium falciparum lysyl-tRNA synthetase
Malaria is a significant health problem worldwide putting nearly 3.2 billion people at risk and causing 0.5 million deaths annually [40] . Malarial parasites develop drug resistance to anti-malarial agents over time. Hence discovering new chemical scaffolds for malaria drug therapy has become urgent. A recent natural product screen for novel antimalarials identified cladosporin with potent antiplasmodial activity at the nanomolar level [41] . Cladosporin exhibited outstanding growth-inhibition activities against both Plasmodium blood-and liver-stage parasite forms with IC 50 values of 40-90% nM while having little effect on the growth or viability of human cell lines. This high selectivity index of cladosporin against Plasmodium parasites compared with mammalian cells (IC 50 /CC50R111), as well as its equipotent activity against a diverse collection of multidrug-resistant Plasmodium lines and cidal action, suggested a further investigation of cladosporin as a novel antimalarial [10] . Haploinsufficiency profiling (HIP) assay revealed that cladosporin specifically targets Plasmodium falciparum cytosolic lysyl-tRNA synthetase (PfKRS), an enzyme central to protein translation. More importantly, it showed 100-fold more potency relative to the human enzyme. Historically, bacterial cell wall synthesis, protein synthesis, DNA and RNA synthesis and gene translation have been considered as major targets of very successful classes of drugs such as β-lactams, glycopeptides, and tetracyclines. The lysyl-tRNA synthetases (ARS) represent a deeply studied but relatively unused family of targets. These enzymes catalyze the essential attachment of amino acids to their cognate transfer RNAs (tRNA), which are then used during gene translation. These enzymes are ancient and universal; therefore, a major requisite for any anti-infective drug targeting ARS is highly selective. Currently, only two ARS inhibitors are on the market: mupirocin, used for the topical treatment of methicillin-resistant Staphylococcus aureus (MRSA), and benzoxaborole AN2690, mainly used for the treatment of onychomycosis. These drugs prove that selective and efficacious inhibition of ARS is an effective way for anti-infective drug development [42] .
Structure basis for remarkable and specific inhibition of tRNA synthetase by cladosporin (CP)
The crystal structure of the ternary PfKRS-lysine-cladosporin (PfKRS-KC) complex reveals cladosporin's remarkable ability to mimic the natural substrate adenosine [43] . In 2015, Fang et al. reported a series of crystal structures of cladosporin-bound human and plasmodial LysRS (HsLysRS-CP and PfLysRS-CP, respectively) [44] . They found that only the isocoumarin moiety of CP binds LysRS through interactions shared with ATP. However, this finding was not sufficient to prove the structure basis of CP's selectivity since these interactions shared with ATP are conserved in several aminoacyl-tRNA synthetases and across many species. The reason why cladosporin is specific for LysRS, but not other ARS is due to the interactions of the methyltetrahydropyran moiety of CP with three residues out of the ATP binding pocket, which are idiosyncratic to LysRS. Three short residues from the bottom of the ATP-binding pocket make CP fit perfectly in LysRS, while other class II aaRSs have either larger corresponding side chains (such as ProRS, SerRS, ThrRS, HisRS, GlyRS, AsnRS, and PheRS) or a shorter side chain (AspRS) and thus cannot form a stable interaction with CP [43] .
Cladosporin is composed of a 6,8-dihydroxyl-isocoumarin group and a methyltetrahydropyran group, linked by a methylene at the 3' position of the isocoumarin. In Figure 7 , the ligand-dependent changes in the melting temperature (DTm) are directly proportional to the ligand dissociation affinity (Kd) [10] . The presence of lysine increased the binding affinity of CP in PfLysRS by 625-fold, and that is 1375-fold tighter than in HsLysRS, supporting the idea that CP stabilizes PfLysRS in a lysine-specific, Pf-specific, and binding site-independent manner, where the LysRS structure scaffold beyond the active site supports the basis for this species-specific response of CP [44] .
This review provides the first report of herbicidal activity of cladosporin. Three different concentrations (10, 100 and 1000 μM) were used. Ranking of plant growth was subjective. A ranking of 0 indicated no apparent inhibition (treated plants looked identical to the control + solvent plants). A ranking of 5 indicated no growth or complete inhibition. A ranking of five was given only if no seeds germinated. From Table 1 , cladosporin showed moderate to high herbicidal activity against Agrostis (monocot), but no effect against lettuce (dicot). Monocots (or monocotyledons) normally have a single embryonic seed leaf, leaves with parallel veins, and flowers with parts in threes, while dicots (or dicotyledons) have two embryonic seed leaves and leaves with netlike veins. Figure 8 and Table 1 showed that cladosporin selectively inhibited the growth of the monot (agostis) but showed no activity against the dicot (lettuce), which indicates its great potential as a selective herbicide for monocots in agriculture. The source of Cladosporium cladosporioides: C. cladosporioides was collected in Tifton, Georgia, in 1978, lyophilized, and stored at -20°C. The fungus was plated onto potato-dextrose agar, which was maintained at 24°C until discrete fungal colonies appeared. Then, 50 mL of potato-dextrose broth was inoculated with the fungus and incubated for 2 weeks in stationary phase at 24°C. The fungus was subsequently seeded onto a shredded wheat medium consisting of 100 g of shredded wheat, 200 mL of low-pH mycological broth, 40 g of yeast extract, and 400 g of sucrose in a 2.0 L Fernbach flask (15 flasks were used) followed by incubation for 22 days at 24°C [29] . 
Micro-dilution broth assay:

Method for the determination of herbicidal activity of cladosporin:
The lettuce used was Iceberg A Crisphead from Burpee Seeds. Agrostis seeds were Penncross variety (Creeping Bentgrass species) obtained from Turf-Seed, Inc of Hubbard, Oregon. For seed preparation, all seeds were surface sterilized prior to use in any bioassay by mixing with a 5 to 10% Chlorox solution for approximately 10 min. Seeds were thorough rinsed with deionized water (Millipore system) and air-dried in a sterile environment. All bioassays were made in duplicate in sterile non-pyrogenic polystyrene 24-well cell culture plates (CoStar 3524, Corning Incorporated). One filter paper disk (Whatman Grade 1, 1.5 cm) was placed in each well to be used. The control wells contained 200 mL of Millipore water. The control + solvent well contained 180 mL of water and 20 mL of the solvent. All sample wells contained 180 mL of water and 20 mL of the appropriate dilution of the sample. Water was always pipetted into the well before the sample or solvent. When preparing lettuce plates, 5 seeds were placed in each well. Lids were sealed with Parafilm. The plates were incubated in a Percival Scientific CU-36L5 incubator under continuous light conditions at 26ºC and 120.1 mol s -1 m -2 average light intensity. Plates were incubated for at least 7 days. Ranking of plant growth was subjective. Ranking was based on a scale of 0 to 5. A ranking of 0 indicated no apparent inhibition (treated plants looked identical to the control + solvent plants). A ranking of 5 indicated no growth or complete inhibition. A ranking of 5 was given only if no seeds germinated. All plate preparation was made in a sterile environment to lessen the chances of any possible contamination (Figure 8 ). 
